The recent Global Burden of Disease study showed that untreated caries in the permanent dentition ranked first out of 291 diseases, affecting more than 35% of the global population, while untreated caries in deciduous teeth ranked 10th (9% of the global population).
self-assembles into 3-D fibrillar scaffolds in response to local conditions of high ionic strength and acidic pH within the lesion body. 4 As shown by X-ray diffraction and energy-dispersive X-ray spectroscopy, the assembled P 11 -4 scaffold is capable of promoting de novo hydroxyapatite crystal nucleation and supports mineral crystal growth in a process of biomimetic mineralization. It is able to regenerate mineral for enamel repair using a process that is analogous to the enamel matrix during enamel formation. 4 In previous studies, P 11 -4 was shown to promote subsurface mineralization in the presence of saliva both in vitro and in vivo. [4] [5] [6] [7] Recently, it was shown by ultrasonic assessment and scanning electron microscopy (SEM) that the treatment of demineralized enamel surfaces with P 11 -4 could inhibit demineralization and facilitate hydroxyapatite crystal formation. 8 P 11 -4 is now the basis of a product, Curodont Repair (Credentis AG, Windisch, Switzerland), which is approved and available for clinical use in the treatment of early enamel lesions.
Recommended methods for the in vitro quantitative measurement of caries are based on detecting small changes on tooth mineral loss. 9 The gold standards, transverse microradiography (TMR) and polarized light microscopy (PLM), require histological sectioning of the tooth samples and are therefore destructive by nature and only provide information from 2-D images. A preferable option to assess longitudinal changes in mineral density that requires less time for sample preparation and less subjectivity by the operator to interpret the data is the non-destructive method of 3-D micro-computed tomography (μ-CT). 10 Recently, the energy-conversion technology, called photothermal radiometry and luminescence (PTR-LUM), has been introduced as a valid method to assess mineral and structural changes in probing volume in tooth samples both in vitro and in vivo. 11 PTR-LUM offers a low-powered and non-destructive method for quantifying small changes in mineral structure for longitudinal studies. Using this technology, by modulating the frequency of the laser, PTR responses are able to locate near surface and subsurface lesions (as small as 50 μm up to a 5-mm depth).
Two instruments designed to detect, quantify, and monitor the progression of early caries using PTR-LUM have been developed and commercialized by Quantum Dental Technologies (Toronto, ON, Canada). The Canary System (CS) has been used as a clinical aid for the non-invasive early detection and monitoring of caries lesions, [11] [12] [13] while The Canary Lab (CL) is a non-destructive imaging research instrument for detecting and monitoring dental caries and acid erosion in vitro. 14 Both CS and CL directly assess the status of the tooth crystal structure by using PTR-LUM. The PTR-LUM detection technique has been validated by previous in vitro and in vivo studies, and has been shown to have the ability to detect and monitor demineralization and remineralization of early caries lesions. these four signals to generate the canary number (CN), which reflects the status of the tooth crystal structure or mineral architecture. The CN increases as early mineral loss from the tooth (incipient caries) causes small changes in the ultrastructure, creating a more porous, less mineral-dense environment. Correspondingly, if remineralization of the lesion progresses, the CN decreases as the lesion becomes less porous and exhibits a denser mineral environment.
Our hypothesis was that a single treatment with P 11 -4 could promote the regeneration of natural early caries lesions in human teeth over time. Thus, the objective of the present study was to determine the ability of P 11 -4 to promote the remineralization of natural initial caries lesions. The remineralization process was monitored by CS and CL, which have been established as useful tools for the quantitative monitoring of the remineralization of early caries lesions of enamel following administration of a therapeutic non-invasive intervention. 
| MATERIALS AND METHODS

| Study design
| Tooth selection
| Baseline readings
Baseline CN readings were obtained by an experienced opera- with an identical formulation and cleaning procedure to the TG, but without P 11 -4 applied as described in (i). After application of P 11 -4 and placebo by a clinician blinded to the sample identities, all examination sites were rescanned in a blinded-fashion with CS and CL. These scans were designated as day 0. All tooth samples were then stored and refreshed daily in 10-15 mL artificial saliva solution in 50 mL 
| The Canary System assessment
| The Canary Lab assessment
An area measuring up to ≤6×6 mm was identified on each smooth surface site of interest (spot measurement resolution=250 μm, where each measurement region area had up to 25×25 pixels), and was scanned using CL. A total of 305 visibly-sound sites and 936 carious sites were scanned comprising of: (i) CG, 106 sound and 243 carious sites; (ii) TG, 75 sound and 386 carious sites; and (iii) PG, 124 sound and 307 carious sites. CL was calibrated prior to use in accordance with the manufacturer's operating instructions to obtain readings from the smooth surface at baseline and days 0, 7, 14, 30, and 50.
Tooth samples were prepared for scanning using a similar method used with CS assessments.
| Histological validation
After all the measurements were completed at day 50 PLM was performed by a blinded operator (an expert in cariology) to confirm the presence or absence of a clinically-significant caries lesion at each examination site. A tooth section was cut at a sagittal plane from the center of each site, and was examined histologically under the polarizing light microscope (model BH-2; Olympus, Tokyo, Japan). For each section, the image was captured using a digital camera (Axio Cam ICc 1; Zeiss, Oberkochen, Germany) connected to the microscope. These images were then used to measure the depth (μm) of each lesion using PLM AxioVs40 4.8.1.0 software (Zeiss, Germany). 
| Data and statistical analyses
| RESULTS
Representative photographs of selected scanning regions for CS (i,ii), between time points, changes in CN were evident when comparisons were made between the CG and P 11 -4 TG and PG vs P 11 -4 TG starting at day 7, with the largest delta at days 30 and 50 (P<.0025; Table 1 ).
The result of the histological examination by PLM indicated 100% alignment with the visual identification of carious sites from samples in all three groups (Table 2) . PLM also had a very strong correlation with the visual identification of sound sites in the CG (10/10) and TG (13/14) . However, in the PG, PLM indicated that six of 10 sites were correctly identified as sound sites, and four of 10 sites had 
| DISCUSSION
In the present era of preventive and minimally-invasive dentistry, the benefit of early detection and remineralization or arrest of caries lesions cannot be overemphasized. In addition to saving the cost of restorative treatment, it would prevent invasive intervention that commits the tooth into a cycle of treatment and retreatment, known as the "death spiral of restorations". 22 The promotion of the natural repair processes by influencing etiological factors, such as oral hygiene education, dietary control, and local fluoridation, 23 requires patient compliance in order to be successful. A "natural" repair process, such as a regenerative treatment of caries, which does not rely upon the patient's compliance, is becoming a focus in dentistry.
24
P 11 -4 has been described as a biomimetic mineralization agent, and has shown promising results in in vitro 4, 25 and in vivo studies. In the present study, the effects of Curodont Repair, which con- Mean canary numbers (derived from The Canary System) from each group plotted over time. Control (untreated) group, no treatment; treated group, samples treated with P 11 -4; placebo group, samples were treated with an identical formulation as the test group but without P 11 -4 after preparation of the site. Canary numbers (CN) from all sound sites among all groups remained in the healthy zone (≤20). CN from carious sites in the placebo and control groups remained in the decayed zone (>20). CN from carious sites treated with P 11 -4 exhibited a significant and sustained decrease starting at day 30. Asterisks represent statistically-significant differences in CN compared to baseline. Statistically-significant differences were determined by related-samples Wilcoxon signedrank test (P<.05) P 11 -4 resulted in almost full regeneration to a sound sample state.
The controls showed that spontaneous remineralization of the natural lesions on human teeth with artificial saliva was not possible under the laboratory conditions used here. In addition, treatment of the lesion surfaces by etching did not appear to have initiated measurable remineralization.
It is pertinent to mention that each tooth used in the study provided its own internal control, as sound enamel sites were chosen on each tooth for all three treatment groups to provide a comparison with the carious sites. For these sites, CN remained constant, as expected, throughout the treatment period. For the carious lesions treated with P 11 -4, both CS and the CL showed the same trend in lesion remineralization. CN from CS showed the greatest decrease by day 30 after treatment; however, the greatest decrease in CN from CL did not occur until the day 50 measurement. This could be explained by differences in the ways in which these two systems measure samples. For each carious site, a point scan (~1.0±0.2 mm effective beam spot at the tip contact point) scan was performed using CS, and the average CN was taken from an average of three repeat point scans.
In the case of CL, a carious region up to 6×6 mm (which translates up to 25×25 pixels or scan spots) was examined. Each pixel (or site, Histological examination, such as PLM, is regarded as the gold standard for laboratory identification of demineralization (early caries). In the present study, while a very strong correlation was demonstrated between histology and visual identification for carious sites in all three groups and sound sites in the CG and TG (Table 2) , in the PG, PLM indicated that 40% of the surfaces visually identified as sound sites had some degree of demineralization, with an average lesion depth of 272±136 μm. It appeared that the amount and size of the demineralized area (as indicated by PLM) in these sites in the PG, which had been visually identified as sound sites, was so small that readings from the CS also did not detect them as such (ie, CN>20).
In contrast, the degree of demineralization of PLM-validated carious sites in all three groups were clearly more advanced and could be seen visually as white spots, with average lesion depths for P 11 -4 TG, CG, and PG groups of 732±424, 527±212, and 447±191 μm, respectively.
Therefore, despite the fact that the visually-sound sites allocated to the placebo-sound group did appear to have small areas of caries on the PLM, this did not impact on the overall results of the study because these sites occupied a very small area and were clinically identified as sound according to CS when the Canary laser is pulsed at a frequency of 2 Hz. Furthermore, it should be noted that the PLM findings did not directly indicate remineralization in the P 11 -4 TG.
Regeneration with P 11 -4 does not template the prismatic structure of the enamel. P 11 -4 develops a matrix to form novel hydroxyapatite crystal, which are not arranged within a prism, but more similar to what is found in dentin around the organic scaffold. PLM differentiates between the prismatic and the non-prismatic structure of the enamel. The lesions treated with P 11 -4 still show up as non-prismatic, and therefore, as caries-like. Thus, the PLM (after P 11 -4 treatment)
is a good measure to estimate the lesion depth at the start of the experiment. PLM, however, does not evaluate the calcium content of the lesion, therefore, it is not optimal to quantify or qualify the regeneration of enamel with P 11 -4.
We elected to use a non-pH cycling experimental strategy for this work, as our main objective was to investigate the ability of P 11 -4 to promote the remineralization of natural caries lesions. We were therefore unable to determine the effect of cycling and lower pH on any new mineral deposited within the lesions, but earlier 
| Conclusion
Based on measurements obtained from natural lesions of human enamel, one treatment with P 11 -4 enabled enamel regeneration, presumably by promoting de novo remineralization of the early caries lesions, as detected and monitored by CS and the CL. 
